The paper presents dynamic and transient behavior of the doubly fed induction generator (DFIG) in the wind farms in the normal and faulted grid respectively. When Voltage sag or any fault occurs in the network, the variables in the Doubly Fed Induction Generators are varying severely. If a voltage sag occurs, active and reactive power generated by the DFIG start to oscillate. The DC-link voltage will be bigger and will have fluctuation, and the rotor current will increase. In this paper, proportional integral (PI) controllers are used to control the DFIG in the wind farms for driving of the electronic devices including Rotor Side Converter (RSC) and Grid Side Converter (GSC) and controlling the active and reactive power of DFIG. PI parameters are tuned by particle swarm optimization algorithm (PSO). Whereas the model of DFIGs and electronic device in the paper are nonlinear so PI controllers cannot protect and control the DFIG as well. Hence, effect of PI parameters is investigated on the DFIG with simulating in MATLAB software. Also, low voltage ride through (LVRT) feature for DFIG is explored in presence of PI controllers. The results of the simulation present DClink over voltage and rotor and stator over current in the DFIG. In addition, it will explore the effect of proportional integral controllers when three-phase short circuit fault occurs.
INTRODUCTION
In recent years, using wind energy for generating electricity is growing fast because it is an important source of renewable energy [1] . With increasing penetration level of wind energy into the network, wind turbine should remain connected to the grid to maintain the reliability during various grid fault scenarios based on grid codes' requirement [2] . DFIG is predominantly used nowadays in the wind turbines. Important issues when the DFIG-based wind turbine (WT) connected to the network is the transient behavior in a faulted grid. The DFIG-based WT is very sensitive to the grid disturbances [3] . Based on the grid codes' requirement, the DFIG-based WT must stay connected to the network and actively support the voltage stability in faulty grid [4] . The ability of the wind turbines to remain connected to the network during the voltage dips is called the low voltage ride through (LVRT) capability and fault ride through (FRT) capability respectively [5, 6] .
When a voltage sag occurs in the DFIG-based WT, two major issues are generated in the DFIG-based WT. The first one is rotor and stator over-current, and the second one is DC-link over-voltage. Because the converters in the DFIG-based WT have a relatively low power rating, they cannot undergo over-currents and over-voltages. Also, the DC-Link capacitor is damaged when the over-voltage occurs. Hence, studying the LVRT capability of the DFIGbased wind farms is the special interest with respect to the stability issue of such system [7] . In addition, the passive LVRT capability method, as well as the active LVRT capability strategy have been developed for the subject of transient analysis of the DFIG [8] . Therefore, dynamic modelling has been developed for the LVRT capability using demagnetization current controller [9] .
Many of research activities over the world focus on the impact of the system disturbances on the DFIG-based wind farms in the fault conditions [10] . So, they have proposed using a crowbar resistor to suppress rotor over-current and a DC chopper to smooth DC-link over-voltage as the first solution in the fault conditions [11] . The conventional crowbar circuit installed across the rotor terminals causes the rotor of the DFIG to become short circuit when a fault occurs. Consequently, the rotor is blocked and the DFIG starts absorbing reactive power from the faulted grid. But the new model of the crowbar resistance only limits the current during the fault so based on the conventional crowbar protection, many of researchers have improved the crowbar circuit. They control the crowbar circuit with the power electronic devices and new methods of control [12] . Some of the researchers improve the structure of DC chopper for reducing the DC-link over-voltage [13] or some papers present devices which absorb DC-link overvoltage [14] .
Dynamic control of DFIG enhances wind farm penetration into the network. Hence, Flywheel control using Flux magnitude and angle control for power and voltage stabilization has been used [15] and for wind power smoothing such as the effects of wind fluctuations on system voltage and frequency, a hybrid energy storage system including a super capacitor and a flow battery is presented in a DFIG-based WT [16] . In addition, ESS and DC chopper circuit regulate generator output power in the grid-side converter and DC-link for improving FRT capability [17] .
Moreover, the usage of the fault current limiters and the energy storage system actually install extra hardware in the DFIG and can increase the costs and decrease the system reliability but the crowbar resistance and DC chopper are necessary for the protection systems [6] . Some researchers also have proposed other hardware for enhancing the LVRT capability. These strategies reduce the rotor over-current and the DC-link over-voltage in faulted grids. Also, they designed more advanced control strategies for the RSC and the GSC [18] . However, some of these algorithms are too complicated and control parameters must be chosen properly and precisely. For example, the robust nonlinear controller using the Hamiltonian controller in the presence of disturbances for the DFIG is proposed in [19] . In [20] has been proposed a control strategy to maximize the wind energy captured in a DFIG, at low to medium wind speeds. To avoid dealing with the zero dynamic limitation brought by the bidirectional power flow through the RSC and the GSC in a DFIG, a new energy-based modeling and control scheme for the GSC is proposed in [21] . The other auxiliary hardware applications try to remain the wind farms connected to the grid during fault conditions such as a stator dynamic composite fault current limiter (SDCFCL) in the stator [22] , using simultaneously a DC-Chopper and a Series Dynamic Resistors (SDR) [13] , a super capacitor energy storage system connected to the point of common coupling (PCC) [23] , a STATCOM connected to PCC [24] , a bridge type fault current limiter connected to the PCC [25] , a dynamic voltage restorer [26] , DC-link switchable resistive-type fault current limiter (SRFCL) [27] , an active crowbar protection (ACB_P) in the rotor [28] , a new statordamping resistor unit (SDRU) and rotor current control (RCC) [29] , and etc. Moreover, using hardware strategies actually installs extra hardware in the DFIG and can increase the costs and may reduce the reliability of the system. So, in [30, 31] a novel LVRT capability strategy is enhanced using sliding mode in DFIG-based wind farm without installing extra hardware.
This paper presents effects of a voltage sag event on the rotor and stator of the DFIG. Then, using PI controllers control the RSC, GSC, DC-link and pitch control for reducing over-current and over-voltage in a faulted grid. Also, the effect of PI controllers' parameters on DC-link over-voltage and rotor over-current are presented. In addition, this paper uses particle swarm optimization algorithm for tuning PI parameters and then the new PI parameters are validated by varying the reference of active and reactive power. This paper is organized as follows: in section 2, the modelling of the DFIG-based WT is introduced. In section 3, based on PI controllers of DFIG, the principle of the proposed method is described. Then, in section 4, the simulation results by MATLAB/ SIMULINK @ are shown to validate the proposed method.
DFIG-BASED WIND FARM MODEL
It is necessary to examine the exchange of the active and reactive power between a DFIG-based wind farm and an electrical network using a precise model. The schematic diagram of a DFIG-based wind farm system connected to the grid is shown in Fig. 1 . The DFIG-based WT, including the doubly fed induction generator, three-bladed wind turbine, the back-to-back converters (GSC and RSC), the drive train, and the control systems, are connected to the network through a three-phase transformer. The control system consists of three control parts: the DFIG control, the WT control, and the WF control. The reference value of the rotor speed of the DFIG based on the measured wind speed and the reference value for active power is tuned by the WT controls which adjust mechanical power of the wind turbine through the pitch angle [32] . The DFIG control part, including the RSC and GSC controllers, and the voltage regulator for the DC-link control the active and reactive power of the DFIG using the PI controllers. 
DFIG Dynamic Model
The voltage equations specified in a DFIG in the synchronous reference frame are presented as
By simplifying the voltage equations described above, the flux equations can be shown as
In order to investigate the behaviour of the DFIG the flux and current equations of the stator and the rotor must be used. Therefore, the transient flux relations are extracted and expressed in terms of current as: 
Space state equations of the DFIG can be used to check the behaviour of DFIG-based wind farm in the event of various faults in the network: 
Finally, the space state equations of the DFIG in the synchronous reference can be expressed as: 
Symmetrical Voltage Dip
When the voltage of the PCC drops due to a voltage sag in a faulted network, the induced motive force in the rotor frame is derived by the following equation
Regardless of 1/τ s , (7) can be presented as
From (8), it can be seen that the induction EMF amplitude is relatively large in the initial moment of the fault due to the DC offset in the flux. For example, if s = −0.2 and g = 1, the amplitude of the EMF is 1.2 s m s V L L in the initial moments, which is 6 times the normal value. Fig. 2 shows the induced EMF variation in the rotor due to changes in the stator flux. The DC-link voltage and reactive power are controlled by u dg and u qg , respectively. So, the control equations of the GSC are given as:
where K p4 , K p3 and K i4 , K i3 are the proportional and integrating gains of DC-link voltage regulator; K p5 and K i5 are the proportional and integrating gains of reactive power regulator; i qr_ref and i qr are d-axis rotor current reference and d-axis rotor current in synchronous reference frame, respectively. V DC_ref is the voltage control reference of DClink and V DC is the DC-link voltage.
THE PRINCIPLE OF PI CONTROL PROPOSED METHOD 3.1 Proposed Control Method
The DFIG has been controlled with six PI controller blocks including two blocks for RSC and three blocks for GSC as shown as Fig. 3 . There are various methods for tuning the controller parameters. In this paper, genetic algorithm has been used to design PI controllers' parameters. Tuning and selecting the PI parameters is done in steady-state condition and transient behaviour. Then, optimal PI parameters have been set in PI controller blocks in DFIG-based wind farm. The innovation used in this paper is the use of six PI controllers without any extra hardware strategy that causes to increase cost. Also, proposed control method is very simple and decreases the calculation content. 
PSO Algorithm
The PSO was first introduced by Kennedy and Eberhart (1995) . It is based on the behavioural pattern of bird flocking that inspired it to look into the effect of collaboration of species, while moving as a team, a simple concept [33] . The PSO is basically developed through simulation of bird flocking. Each particle velocity is shown by n-dimensional vector v and each particle's position is presented by n-dimensional vector s. The best fitness position is known as pbest and the overall best of all particles is called gbest. In each situation, each particle's modified position and velocity are calculated using each particle's position and velocity in the previous situation. The distance from the pbest to gbest is presented in Eq. (15) and (16) . pbest and gbest are set on by goal function denoted in typical problem and parameters of each particle position evaluate goal function [34, 35] .
The current position s(x1, x 2 , ..., x n ) The current velocities v(v 1 , v 2 , ..., v n )
s v (16) where i is the particle number and k is the number of iteration, n number of the parameters of each particle, rand random number between 0 and 1, k i v is vector of current velocity and k i s is vector of current position of particle i at iteration k, gbest i is vector of gbest of all of the particles, pbest i is vector of pbest of particle i, c i is weighting factor.
RESULTS AND DISCUSSIONS 4.1 System under Study
This study has used the DFIG-based wind farm connected to the infinite bus for explaining the transient behavior of the DFIG-based wind farm in a voltage sag event. The single line diagram of the test system is shown in Fig. 4 . The parameters of the DFIG based WT are listed in Appendix. 
Fault
A three-phase fault occurs in the grid. Thus this type of fault causes a voltage dip in PCC of the DFIG. Values of voltage dip are 0.5 per unit and it takes 300 milliseconds and occurs in t = 5 s. 700ms lasts until voltage recovers to 1 per unit smoothly.
Simulation Results
In this section, the effect of the removal and incorrect adjustment of each proportional-integral controller -There are five PI controllers -they are explored in the DFIGbased wind farm operation and importance of each of them is determined. The results of the simulation have been prepared with PI controllers for driving the RSC and PI controllers to regulate the DC-link voltage and driving the GSC. In Fig.  5 , the DC-link voltage regulated by the PI controllers can be seen. As curves present, when the PI controller derives the RSC, the DC-link voltage is reduced to reference value. In this Fig, according to Fig. 3 , the PI controllers 3 and 4 have not been correctly set. Fig. 6 presents the active power with and without PI controller in RSC. In this figure, the PI controllers 1 and 2 have been omitted. As it can be seen, when the PI controllers are omitted for the RSC, active power is tuned and does not change because there are PI controllers in the GSC and they control the active power. Fig. 7 presents the reactive power with and without the PI controllers for the RSC. In this Fig, the PI controllers 1 and 2 have been omitted. As, it can be seen in Fig 7, even though the PI controller has been eliminated, the reactive power is tuned because of the existence of PI controllers regulators for the GSC. Fig. 8 also presents the PCC voltage. For this scenario the PI controllers are considered for the RSC and the GSC. If there is no PI controller for RSC and GSC to regulate DC-link voltage, pitch angle, active power, and reactive power, DC-link voltage, active power, and reactive power would be presented in Fig. 9, Fig. 10 and Fig. 11 , respectively. In these Figs, the PI controllers 1 and 5 have been omitted. It can be concluded that if PI controllers have been eliminated, the DFIG cannot work well and it cannot be used in the electrical network. In this study, the nonlinear DFIG has been modelled with some hypothesizes: (1) the omission of uncertainty in the DFIG model, (2) the consideration of the fourth order model of DFIG (3) the constant generator speed and turbine input torque. So, this study is approximate. Despite these hypotheses, in a voltage dip condition, the rotor currents increase severely as depicted in Fig. 12.   Figure 9 The voltage of the DC-link with and without the PI controllers 1 and 5 in the RSC and the GSC
Figure 10
The active power with and without the PI controllers 1 and 5 in the RSC and the GSC Figure 11 The reactive power with and without the PI controllers 1 and 5 in the RSC and the GSC 
Result of Tuning of PI Parameters using PSO Algorithm
In this section after tuning PI parameters in the normal condition using PSO algorithm in t = 5 ms, a three-phase symmetric fault occurs in the network. The fault duration is 300 milliseconds and it causes a dip of 40% at the generator terminal as shown in Fig. 13 . In addition to voltage dip event, in this section, the system response to a more realistic wind speed turbulences is studied [36] . In this scenario, 16.56% step change of mechanical torque causing wind speed variation changes over a certain period 4 s ≤ t ≤ 5.4 s. In this case, similar to previous section, the nonlinear DFIG has been modelled with some hypotheses;
(1) the omission of uncertainty in the DFIG model and added uncertainty at wind speed, (2) the consideration of fifth order model of DFIG-based wind turbine.
Figure 13 Terminal voltage under 40% voltage dip
It should be noted that initial generation for a population size considered 400 particles and fitness function was minimized after 120 iterations of PSO algorithm which in PI parameters have been tuned very well and given in Appendix. In this case, the convergence of fitness function is also presented in Fig 14 . Fig. 20 show the DFIG-based wind turbine response to wind speed variation and uncertainty under 40% symmetric three-phase voltage dip in the network. Fig. 15 and 16 show the active and reactive power of the DFIG stator respectively, in both cases; (1) constant wind speed, (2) disturbance in mechanical torque (wind speed uncertainty and the step increase of wind speed). As can be seen in Fig. 15 and 16 , the variations of the active and reactive power are in accordance with the variations of mechanical torque. In addition, in presence of wind speed uncertainty, the oscillation of the active and reactive power is more under voltage dip condition. As it can be seen, PI controllers work acceptably and track reactive and active power references well in normal conditions In addition, the variations of the average value generator speed have been shown in Fig. 17 due to the increase of the average value of mechanical torque. From Fig. 18 , in spite of increasing mechanical torque, the DClink voltage is controlled in normal condition, but during voltage dip conditions, when mechanical torque increases, the DC-link voltage increases more than when wind speed is constant. In the following, in Fig. 19 and Fig. 20 , the dynamic responses of the rotor and stator current of the DFIG have been given, respectively. Similarity to Fig. 18 , under voltage dip condition, wind speed uncertainty causes that the rotor current increases to 2 p.u.
With regard to the results, a voltage dip event causes fluctuation in active and reactive power similar to the other variables. However, the PI controllers could control the DFIG variable even in a faulted grid but for enhancing LVRT capability, DFIG needs the new control strategy to increase the PCC voltage in a faulted grid to cope with the rotor over-current and the DC-link over-voltage. The proposed method shows well that uncertainty should be considered in order to investigate the behaviour of the generator. The generator variables including active and reactive power suffer from severe transients under voltage 
CONCLUSIONS
In this research, a discrete model of DFIG is used. PI controllers were frequently omitted in the DFIG. As it could be seen, without PI controllers, all of the variables of the DFIG are varied but GSC voltage regulator can help to control the DFIG without any tuned parameters of RSC voltage regulator. However, the PI controllers cannot control the DFIG-based wind farm during a voltage dip condition in the network. Although the results of the simulation show that the PI controllers drive RSC and GSC during normal condition and track the active and reactive power references as well, this method contributes to increase the rotor and stator current and DC-link voltage during a fault condition and is irregular under voltage dip condition. In addition, in this paper and many other papers, the consideration of the effect of saturation and uncertainty in the DFIG is not done. Therefore, the effect of saturation and a nonlinear model of DFIG-based wind farm must be considered, then controllers for DFIG are designed and tuned. 
